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In t roduc t ion  

We have r e p o r t e d  t h a t  s t r o n g l y  b a s i c  c o n d i t i o n s  promote t h e  convers ion  of I l l i n o i s  
No. 6 c o a l  i n  CO/H,O systems a t  400°C t o  a product  t h a t  is f u l l y  py r id ine - so lub le  and 
has  50% benzene s o l u b i l i t y  and 18% hexane s o l u b i l i t y .  (1)  This  work used 4 M aqueous 
KOH, and C 0 2  and H1 were t h e  p roduc t  gases .  No o rgan ic  H-donor s o l v e n t s  were used i n  
t h e  convers ions ;  water was the  on ly  medium used. 

s t r o n g l y  b a s i c  medium a l o n e  on ly  dec reases  t h e  a l r e a d y  small benzene s o l u b i l i t y  of the  
c o a l  and (b) CO used wi th  only  wa te r  p rov ides  a product  w i th  a benzene s o l u b i l i t y  o f  
on ly  about  10%. ( 2 )  Thus both t h e  base  and CO must p l ay  a n  impor tan t  r o l e  in t h e  con- 
ve r s ion ,  and i n  accord  wi th  t h e  sugges t ion  by Appel l  e t  a l . ,  ( 3 )  we have  cons ide red  
t h a t  formate  w a s  t h e  a c t i v e  r educ ing  agen t  i n  t h e  sys tem.  (1) 

Conversion Chemistry 

on t h e  ques t ion  of t h e  in te rmediacy  of formate i n  t h e  convers ion .  The d a t a  f o r  runs  
c a r r i e d  ou t  a t  40OoC f o r  20 minutes  i n  a s t i r r e d  au toc lave  a r e  shown i n  F igure  1, i n  
which t h e  benzene s o l u b i l i t i e s  of t he  p roduc t s  a r e  p l o t t e d  a g a i n s t  t h e  pH of t h e  s t a r t -  
i ng  aqueous phase  determined a t  25OC. It i s  seen  t h a t  t he  convers ion  i n  a system 4 M 
i n  OH- is  l i t t l e  d i f f e r e n t  from t h a t  i n  a system wi th  a s t a r t i n g  pH of 12 .6  (OH- = 0.04 M). 
The convers ion  is thus  e f f e c t i v e  down t o  t h a t  b a s i c i t y  l e v e l ,  bu t  then  f a l l s  suddenly  
under less b a s i c  cond i t ions .  T h i s  s t r i k i n g  loss  of convers ion  e f f e c t i v e n e s s  p rov ides  
t h e  S-shaped cu rve  shown i n  t h e  f i g u r e .  

I n  t h e  e f f e c t i v e  runs  above 
pH = 12.6,  t h e  CO w a s  l a r g e l y  consumed and t h e  product  gases  were a lmost  equimolar 
q u a n t i t i e s  of  H 2  and C 0 2 .  The r u n s  below pH 1 2 . 6 ,  however, n e i t h e r  y i e lded  s u b s t a n t i a l l y '  
conver ted  c o a l  nor  consumed CO. There would seem t o  be a p a r a l l e l  i n  t h i s  system between 
t h e  convers ion  of c o a l  and o p e r a t i o n  of the  water  gas  s h i f t  r e a c t i o n ,  which p rov ides  
equal  q u a n t i t i e s  of H z  and C O z .  

We have s i n c e  shown i n  c o n t r o l  experiments t h a t  (a )  w i th  N 2  i n  p l a c e  of  CO, t h e  

We r e p o r t  h e r e  on t h e  s tudy  of the  convers ion  a t  cons ide rab ly  lower b a s i c i t i e s  and 

Also shown i n  F igu re  1 a r e  t h e  product  gas  ana lyses .  

CO + H 2 0  + COz + H z  

The product  a n a l y s e s  f o r  two runs  a t  pH 12.6 a r e  shown in Table  1 a long  wi th  t h e  
composition of t h e  s t a r t i n g  c o a l .  S ince  no o rgan ic  H-donor s o l v e n t  is  used ,  t h e  p ro -  
d u c t s  a r e  uncontaminated and a r e  f u l l y  coa l -der ived .  Th i s  cond i t ions  i s  i n  c o n t r a s t  t o  
t h e  common f i n d i n g  from conver s ions  i n  t e t r a l i n  o r  o t h e r  o rgan ic  media i n  which t h e r e  i s  
inco rpora t ion  of  p o r t i o n s  of t h e  o rgan ic  medium i n t o  t h e  products .  The contaminant  
commonly cannot  be f u l l y  removed, even under h igh  tempera ture  and f u l l  vacuum. ( 4 )  It 
i s  thus  p o s s i b l e  t o  c a l c u l a t e  a d e t a i l e d  mass ba lance  w i t h  our d a t a ,  u s i n g  both  t h e  
e lementa l  a n a l y s e s  of t h e  product  f r a c t i o n s  and t h e  gas  ana lyses .  Such a procedure  is 
presented  i n  Tab le  2,  which compares the q u a n t i t i e s  of C and H ( i n  mmoles) i n  bo th  the  
s t a r t i n g  and f i n a l  sys tems.  

* 
Paper I i n  t h i s  series i s  c i t e d  a s  r e f e r e n c e  1. 
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FIGURE 1 (a) CONVERSION OF COAL TO BENZENE-SOLUBLE FRACTIONS 
VERSUS pH OF INITIAL MEDIUM (0 = CO; 0 = H,; 0 = formate/N2); 
(b) CO CONVERSION (V = CO; A = H2; 0 = CO,) 
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The r ecove ry  i n  coal-carbon i n  t h i s  c a s e  i s  95%. which is  a t y p i c a l  va lue  f o r  o u r  
s t u d i e s  i n  t h e s e  sys tems.  The product  gases  c o n t a i n  only  t r a c e s  of methane, and w e  
have found on ly  t r a c e  q u a n t i t i e s  of pheno l i c  materials i n  the  f i n a l  aqueous phase.  

Table  2 

DETAIT.ED MASS BALANCE FOR RUN 26 
( Q u a n t i t i e s  i n  m o l e s )  

* 
S t a r t i n g  Coal Product  Coal 

(10.0 g) (8.7 n )  Remarks 

C 625 C 594 95% C recovery  

H 460 H 585 125  H ga in  

S t a r t i n g  Gas Product  Gas 

co 478 * CO 103 

C02 297 

H2 237 

84% C recovery  

1 2 0  H l o s t  

* 
Composite v a l u e s  f o r  bo th  benzene-soluble and benzene- 
i n s o l u b l e  product  f r a c t i o n s .  

The C 0 2  and H2 q u a n t i t i e s  i n  the  product  g a s e s  are no t  t h e  same, a l though on the  
b a s i s  of t h e  wa te r  g a s  s h i f t  r e a c t i o n  w e  would expec t  equa l  q u a n t i t i e s  of t h e s e  two 
gases .  The d e f i c i t  i n  hydrogen (120 mmole H) i s  t h a t  t aken  up by t h e  c o a l .  The match 
i n  t h i s  c a s e  may be b e t t e r  than  we might expec t ,  bu t  f o r  most runs  t h e  agreement i s  
good. 

mis s ing  C i s  i n  the ' aqueous  phase  i n  the  form of formate  and b i ca rbona te .  We have made 
no a t t empt  t o  q u a n t i f y  t h e  ino rgan ic ,  wa te r - so lub le  carbon. 

This  t ype  of mass ba lanc ing  i s  r e a d i l y  performed wi th  t h e  products  of t h e s e  conver- 
s i o n s .  
oppor tun i ty  t o  work w i t h  c o a l  a lmost  as a "pure" o rgan ic  compound. 

e f f e c t i v e ;  t h e  u s e  of po tass ium formate  w i t h  N z  was equa l ly  unproduct ive .  A c l o s e r  
l ook  a t  t h e s e  r e s u l t s  i s  p resen ted  i n  Table  3, which inc ludes  t h e  product  g a s  composition. 

C lea r ly ,  hydrogen p r e s e n t  a t  t he  beginning  of a run  i n  p l ace  of CO does  no t  p rov ide  
e f f e c t i v e  conve r s ion  of t h e  c o a l .  The c o n s i d e r a b l e  c o n t r a s t  t o  t h e  r e s u l t s  ob ta ined  i n  
sys tems c o n t a i n i n g  CO shows t h a t  t h e  hydrogen produced i n  t h e  l a t t e r  systems i s  formed 
concur ren t ly  w i t h  t h e  c o a l  convers ion  and does n o t  p l ay  a r o l e  i n  t h e  convers ion  i t se l f .  

For t h e  fo rma te  c a s e ,  t h e  q u a n t i t y  of added formate  s a l t  was equ iva len t  on a molar 
b a s i s  t o  t w i c e  t h e  hydrogen added t o  the  c o a l  i n  the  h igh  convers ion  pH 12 .6  runs  wi th  
CO. Thus t h e r e  was enough hydrogen p r e s e n t  f o r  t h e  convers ion;  however, t h e  system w a s  

The C-recovery i n  the  gas  product  COX h e r e  is t y p i c a l ,  and it i s  l i k e l y  t h a t  t h e  

Because t h e  sys tem i s  "c l ean , "  t h e  c l o s e  ba l ances  o b t a i n a b i e  provide  us wi th  t h e  

F igure  1 shows f u r t h e r  t h a t  a t  pH = 12.6  the  replacement of CO w i t h  H1 w a s  in -  

* 
Fur the r  s t u d y  w i t h  t h e s e  "clean" systems i s  p lanned .  I n  some p re l imina ry  work a long  
t h e s e  l i n e s  w i t h  t h e  focus  on oxygen ba lance ,  i t  has  been observed t h a t  t h e  r a t i o  of 
t h e  hydrogen ga ined  i n  t h e  c o a l  produce (AHg) t o  oxygen l o s t  (hog) was c l o s e  t o  2 . 0  
f o r  s e v e r a l  runs .  T h i s  f i n d i n g  i s  s i m i l a r  t o  t h a t  d i scussed  by Whi tehurs t  f o r  work 
wi th  conven t iona l  conve r s ion  sys tems.  (5)  
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T a b l e  3 

TEST OF THE ROLE OF HYDROGEN AND FORMATE AT pH 12.6 I N  CO-H2O CONVERSION 
SYSTEMS AT 40OoC/20 M I N  

Run No. t- Benzene- 
S o l u b l e  

Cond i t ions  

CO-H20 

11 

13 

ab167 m o l e s  po ta s s ium fo rma te .  
R e l a t i v e  q u a n t i t i e s ,  i g n o r i n g  the  N z .  

T a b l e  4 

COMPARISON OF C O / H 2 0  AND TETRALIN 
CONVERSION SYSTEMS 

Conversion 
Medium 

Te t r a l  i n  

CO/H,O 

H/Ca Benzene 
S o l u b i l i t y  

37 

4a 

1.01 0.72 Q 2.7 

11.01 1 0.65 1 Q 3.0 1 
aMolar.  
bBenzene-soluble  f r a c t i o n .  
:Benzene-insoluble f r a c t i o n .  

By 'H nmr. 
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completely nonconver t ing .  I n  a d d i t i o n ,  except  f o r  t h e  s t a r t i n g  N2. t h e  product  g a s  
composition w a s  p r i m a r i l y  H., w i t h  v i r t u a l l y  no C02 formed. I n  t h i s  c a s e  t h e  formate 
was probably conve r t ed  t o  o x a l a t e ,  a well-known r e a c t i o n .  (6) 

Products  

A convent iona l  conve r s ion  run  w a s  performed wi th  t e t r a l i n  a t  40OoC/20 min t o  provide  
product  m a t e r i a l  f o r  comparison w i t h  the  p roduc t s  f o r  t h e  CO/H20 s y s t e m s .  
d u c t s  were f u l l y  py r id ine - so lub le .  A d e t a i l e d  comparison i s  provided i n  Table  4 .  

Other comparisons were made us ing  h p l c ,  'H nmr, and f i e l d  i o n i z a t i o n  mass spec t romet ry  
(FIMS) as shown in Figures  2 ,  3 ,  and 4.  The h p l c  p r o f i l e s  f o r  t h e  benzene-so luble  f r a c -  
t i o n s  are ve ry  s imi la r ,  w i t h  v i r t u a l l y  i d e n t i c a l  r e t e n t i o n  volumes. 

t e t r a l i n  and CO/H,O sys tems and i n c l u d e  a spectrum o f  t h e  benzene-soluble f r a c t i o n s  of 
a n  SRC sample of I l l i n o i s  No. 6 c o a l  from t h e  W i l s o n v i l l e ,  Alabama p l a n t .  The t e t r a l i n -  
der ived  material c l e a r l y  c o n t a i n s  inco rpora t ed  t e t r a l i n ;  however, except  f o r  t h a t  f a c t o r  
t h e  s p e c t r a  a r e  q u a l i t a t i v e l y  v e r y  similar. 
s i d e r a b l y  smaller t h a n  t h a t  v a l u e  f o r  t he  o t h e r  two samples.  T h i s  d i f f e r e n c e  i s  most 
l i k e l y  due t o  the  h ighe r  tempera ture  a t  which t h e  SRC i s  produced. 

i o n i z a t i o n ,  and most molecules  a r e  observed w i t h  t h e  technique  as molecular  i ons .  ( 7 )  
The procedure  is p a r t i c u l a r l y  u s e f u l  app l i ed  t o  c o a l  l i q u e f a c t i o n  s t u d i e s ,  s i n c e  i t  
can provide  a t r u e  molecu la r  weight p r o f i l e  f o r  any g i v e n  f r a c t i o n .  

f r a c t i o n s ,  some d i f f e r e n c e s  emerge between t h e  t h r e e  convers ion  p roduc t s .  
f r a c t i o n  has t h e  most narrow d i s t r i b u t i o n ,  fo l lowed by t h e  t e t r a l i n  and CO/H,O f r a c t i o n s ,  
r e spec t ive ly .  The l a s t  i n  p a r t i c u l a r  d i s p l a y s  a r a t h e r  broad d i s t r i b u t i o n ,  and t h e  
d e t a i l e d  d i f f e r e n c e s  are expec ted  t o  be t h e  s u b j e c t  of f u t u r e  s tudy .  

Discuss ion  

Both pro- 

The p roduc t s  a r e  t h u s  ve ry  s imilar  i n  terms of t h e i r  H / C  r a t i o s  and H a l i / H a r o m  r a t i o s .  

The 'H nmr s p e c t r a  i n  F igure  3 are of t h e  benzene-so luble  f r a c t i o n  f o r  bo th  t h e  

The H a l i / H a r o m  for t h e  SRC i s  ?r 1.1, con- 

F i e l d  i o n i z a t i o n  mass spec t romet ry  is a mass s p e c t r a l  p rocedure  us ing  low energy 

I n  F igure  4,  which r e p r e s e n t s  t h e  FIMS s p e c t r a  of  t h e  same t h r e e  benzene-soluble 
The SRC 

Our  obse rva t ions  can  be summarized a s  fo l lows :  - CO/H2O systems a t  i n i t i a l  pH v a l u e s  above 12.6 s u c c e s s f u l l y  conve r t  I l l i n o i s  
No. 6 c o a l  t o  a product  t h a t  i s  f u l l y  py r id ine - so lub le  and h a s  benzene and 
hexane s o l u b i l i t i e s  of 50% and 18%, r e s p e c t i v e l y .  
The product  g a s e s  are H z  and C 0 2 .  However, t h e  expec ted  H 2 / C 0 2  r a t i o  of 1 . 0  
based on the  water gas  s h i f t  r e a c t i o n  i s  n o t  observed ,  w i t h  t h e  d e f i c i t  i n  
hydrogen being found i n  t h e  inc reased  hydrogen c o n t e n t  of the  c o a l  product .  
These c l e a n  sys tems p rov ide  good e l emen ta l  ba l ances ,  w i th  t y p i c a l l y  95% c o a l  
carbon recovery  and a good hydrogen ba lance .  The AHg/AOe r a t i o  i s  c l o s e  t o  
2 i n  p re l imina ry  work. 

under a n  N2 a tmosphere  i s  equa l ly  i n e f f e c t i v e .  
The p roduc t s  a r e  v e r y  s i m i l a r  t o  t h o s e  ob ta ined  i n  conven t iona l  t e t r a l i n  
convers ions .  

* The system w i t h  H z  i n  p l a c e  of CO i s  no t  e f f e c t i v e ,  and potass ium formate  

These r e s u l t s  can be cons ide red  from two p o i n t s  of view. F i r s t ,  i t  is  of i n t e r e s t  
t o  cons ide r  t h e  advantages  t h i s  chemis t ry  might p rov ide  i n  a l a r g e - s c a l e  c o a l  conve r s ion  
p rocess .  The conve r s ion  i s  c a t a l y t i c  i n  b a s e ,  w i t h  t h e  turnover  number f o r  OH- ( t h e  
molar r a t i o  of H added t o  t h e  c o a l  t o  the  q u a n t i t y  of  b a s e  p re sen t )  c a l c u l a t e d  from t h e  
v a l u e s  i n  Tables  1 and 2 t o  be 80-90.* 
ca t a lyzed ,  its homogeneous n a t u r e  would avo id  t h e  common problem of c a t a l y s t  fou l ing  
due t o  carbon d e p o s i t i o n .  
l y s t / c o a l  l oad ing  r equ i r emen t< .  Hyrlrnom i s  = p-nrluc: 01.5 znrl ~s2f-l f e r  c~t.cz;-cr.t 
upgrading of t h e  c o a l  product .  

I t  is thus  a n  e f f i c i e n t  p rocess ,  and wh i l e  

The system thus  has  good r e c y c l e  p o t e n t i a l  and small c a t a -  

*For run 26, 125  mmole H is ga ined  by the  c o a l  i n  a system 0.04 M i n  OH- of volume 36 m l .  
Thus t h e  tu rnove r  number = 125/ (36  x 0 . 0 4 ) .  
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l i *  
TETRALI N 

Figure  2 .  High p r e s s u r e  l i q u i d  chromatographs of t h e  benzene-so luble  
f r a c t i o n s  from c o n v e r s i o n s  w i t h  T e t r a l i n  and C O / H 2 0 .  
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Figure 3.  ‘H-nmr spectra of the benzene-soluble f r a c t i o n s  of SRC, t e t r a l i n ,  
and C 0 , ’ H 2 0  conversions.  
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Figure 4 .  FIMS spectra of the benzene-soluble fractions o f  SRC, Tetralin, 
and CO/H20  conversion. 
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The second view t o  b e  t aken  of t h e s e  r e s u l t s  concerns t h e  c l e a n  n a t u r e  of t h e  con- 
ve r s ions .  We s u g g e s t  t h a t  t h e  system would b e  u s e f u l  f o r  s t u d i e s  i n  c o a l  s t r u c t u r e  and 
conve r s ion  mechanisms s i n c e  t h e  r e c o v e r i e s  a r e  v e r y  h igh ,  and t h e r e  is no o r g a n i c  medium 
t o  d e a l  with.  Both nmr and mass spec t romet ry  s t u d i e s  cou ld  b e  a p p l i e d  t o  t h e  p roduc t s  
from t h e s e  conve r s ions ,  and w e  expec t  t h i s  work t o  c o n t i n u e  a long  those  l i n e s .  
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